Heavy fractions of oil are converted into lighter ones in Fluid Catalytic Cracking (FCC) process. This process is important because lighter components are more valuable and useful. In FCC units, the catalyst is cooled in an external device called catalyst cooler, before returning to the riser reactor, to avoid carbon formation and consequent deactivation. Despite much has been done to improve the FCC reactor operation and to understand the gas-solid flow behavior inside it, there is a lack of information related to the catalyst cooler. Computational Fluid Dynamics EulerEuler simulations were developed using Ansys FLUENT 14.5 to get information about gas-solid flow behavior in two different catalyst cooler geometries. For now, in a preliminary approach to evaluate the system, simulations have been developed without solids reentering the computational domain. As a consequence, a start-up particle bed was fluidized by air, which drags these particles upward the cooler. Our goal was to get information about the effect of geometric changes in gassolid flow and fluidization inside the system. Despite the simple approach, results gave insights about the gas-solid flow behavior. The results obtained with these simulations indicated differences in the flow patterns for both geometries, showing the effect that the annular distributor has in gas-solid mixture and in the structure of the multiphase flow.
Introduction
In Fluid Catalytic Cracking (FCC), heavy fractions of oil are converted to lighter ones, which are more valuable and useful. The catalytic cracking takes place in a Circulating Fluidized Bed (CFB). The reactor is industrially operated in the fast fluidization regime, where solids are fed in the riser and leave the reactor at high temperatures. Catalyst particles are then separated in cyclones and sent to a catalyst regenerator, where the coke deposited at the surface particles is burned out [1] . Before regenerated, the catalyst returns to the riser reactor, in a cyclic process. The regeneration process is exothermic and depends on the coke concentration at the catalyst surface. Moreover, the catalytic cracking is essentially endothermic, which closes the heat balance of the FCC unit [2] .
The catalyst temperature is an important parameter that alters the reaction process. Higher temperatures increase coke formation, leading to the catalyst deactivation. For this reason, solids should be cooled before recirculating back to the riser reactor. This operation takes place in an external unit, called catalyst cooler [3] .
The industrial catalyst coolers can be of three types: down-flow, up-flow and back-mixing. The down-flow catalyst cooler, in which the particles enters from the cooler's top and leaves from its bottom, operates at low superficial velocities, i.e. in bubbling or turbulent flow regime. In the up-flow coolers, the particles enter from the bottom, rise by the gas flow and leave form its top. Its kind of device operates at high superficial gas velocities, in fast flow regime. The back-mixing catalyst cooler is also operated at low superficial gas velocities, and the particles enter and leave the cooler by a solids mixing mechanism attached to the cooler [4] . Due to its better operating flexibility and high reliability, down-flow type catalyst coolers are usually preferred in most FCC units [5] . Multiple vertical tubes, through which water flows, are commonly installed inside the catalyst cooler, so the particles are cooled by contact with their wall.
Although the catalyst cooler is an important apparatus, it has not been extensively studied, unlike the CFB. Studies in catalyst cooler are complex due to the equipment geometry and the net of phenomena that takes place in the cooling process, such as the fluid-gas momentum and heat transfer and the turbulence. As a consequence, there is much to improve and understand about its operational parameters and geometry.
Experimental studies involving catalyst coolers were performed by Yao et al. [5 -7] , in which new techniques were proposed to intensify the heat transfer. Different geometric configurations and operating conditions were evaluated aiming to increase the heat transfer coefficient between the cooling tubes and the catalyst particles. The results of these studies show a strong dependence of the heat transfer coefficients with parameters such as the particles diameter, the operating temperature, the superficial velocity of the gas and the entrance geometry.
Moreover, Bai [8] examined the results obtained by him in a catalyst cooler operating under more than 3000 conditions. He proposed a graph of hydrodynamic regimes in catalyst coolers and a practical correlation of gas-particle heterogeneous flow to wall heat transfer film coefficient. However, they are applicable only for the geometric configuration of the catalyst cooler studied by him.
Studies involving the understanding of the dynamic of the flow into FCC catalyst coolers are scarce and most of them involve experimental analysis. The use of experimental techniques for this purpose is highly timeconsuming and restricted by the limitation in the geometry of the device and the measuring apparatus. In this scenario, Computational Fluid Dynamics (CFD) represents an alternative way to study the hydrodynamics in the FCC catalyst coolers. CFD tools have been widely used to simulate multiphase complex flows. Its application allows a detailed and accurate representation of the flow characteristics [9] , such as velocity distribution, volume fraction, turbulence intensity, pressure field, among other parameters. Therefore, CFD tools can be used in the design of catalyst coolers, aiming to favour determined characteristics of the flow that can improve the heat transfer process.
In this context, the objective of this study is to investigate the two-phase flow in catalyst coolers used in the FCC units, using CFD simulations. Two different geometric configurations were simulated in Ansys FLUENT software, version 14.5, using two-dimensional domains, in order to observe their influence over the flow patterns.
Numerical methods and modeling
A two-phase model, considering a gas-solid flow, was applied in this work. This model uses an Eulerian description of the gas and solid phases, in which both are considered as continuous phases. Two-dimensional axisymmetric geometries were applied to represent the catalyst coolers. The geometries were based on the study of Yao et al. [7] and consist of a traditional base catalyst cooler and an annular catalyst cooler (with an annular distributor). In the first one, the gas enters the device by its bottom, dragging the particles that are inside it. In the second configuration, a central distributor provides a majority of fluidizing gas and an annular ring pipe distributor installed near the wall, slightly above the central distributor, only provides a minority of fluidizing gas. Details about the simulation domain for both configurations are shown in Figure 1 . The catalyst coolers had 286 mm of diameter and 6 m of height.
The equipment used by Yao et al. [7] contained a vertical heat tube composed of five heated sections, six insulation sections and two supported tubes, to enable the measurement of the heat-transfer coefficients at different axial heights. Moreover, in their experiments, the particles were dragged out at the top of the cooler, where they were collected by two cyclone separators in series and then returned to the bed via their diplegs to maintain a constant particle inventory. As a simplification, the heat tube and the replacement of the catalyst particles to the system were not considered in the simulations performed in the present study. Instead, a start-up process has been simulated, where a static solid bed with 0.63 solid volume fraction was fluidizes with air in a transient approach until particles became to be ejected from the computational domain.
FCC catalysts with a mean diameter of 69.4 m and a density of 1500 kg/m 3 were used as the fluidized particles. A static bed height was kept to be 1.1 m in the simulation initialization. Air at ambient temperature ( = 1.225 kg/m 3 ,  = 1.78910 -5 Pa.s) was considered as the fluidizing gas, being injected into the domain at a superficial velocity of 0.40 m/s.
The model equations (continuity, momentum and closure equations) for fluids were solved numerically using the Finite Volume Method, in the commercial software Ansys FLUENT 14.5. In this method, the domain should be divided into a finite number of small control volumes, which are known as computational grid or mesh. The differential equations are then discretized in each control volume. This procedure results in a set of algebraic equations, which are solved with an algebraic multigrid solver. The meshes were created in Ansys ICEM software and contained approximately 25 thousand hexahedral elements. Quality parameters were verified, indicating determinants above 0.80. This quality criterion represents the deformation of the elements in the mesh by first calculating of the Jacobian of each hexahedron and then normalizing the determinant of the matrix. A value of 1 represents a perfect hexahedral cube or square [10] .
Transient simulations were performed during 20s seconds of flow time, using a time step of 1×10 -3 seconds. The convergence criterion for advancing in time was that the RMS residuals of the iterations were less than 10 -4 . In order to monitor the bed expansion, a 4 m vertical line was created from the top, at the center of the bed, in which the average volume fraction of the particulate phase was calculated and monitored along the flow time (αmon).
Numerical Mesh Test
In each of proposed geometries, it was built three distinct meshes and simulations were performed in order to evaluate the independence of results. Table 1 shows the number of cells that were used to solve the equations and evaluating the gas-solid flow in each test. The mentioned tests were discussed and are presented in the results section.
Mathematical Modeling
Both the solid and particulate phases were modeled using Eulerian approach. The air was considered as the primary phase, while the catalyst particles were considered as the secondary granular phase. The phases are presumed to be incompressible and the continuity and momentum equations were employed to simulate their motion [11] .
Closure models were used in order to predict the turbulence effects, the solids pressure and the interaction between the phases. The k-ε model was applied to predict the turbulence in the gas phase [12] . The momentum transfer between the phases was modeled using the HuillinGidaspow [13] drag model. Fluctuations in particle velocity were modeled using the Kinetic Theory of Granular Flow [11] . This theory applies the concept of granular temperature, a quantity related to the kinetic energy due to particle movement, to provide closure terms for the solid-phase stress terms. An algebraic formulation [14] , which assumes that the generation and dissipation of the granular temperature are in equilibrium, was applied to estimate this quantity. Figure 1 . Details of the geometries and meshes: A) with annular distributor, B) without the annular distributor (ring), C) details of the gas entrance.
Results and discussion
The Table 1 shows the time necessary to run each simulation with different meshes used and the number of cells of each of them.
The start-up process was simulated with a static bed in the system as an initial condition. The bed expanded along flow time until particles got ejected from the computational domain. In other words, the development of gas-solid flow indicated that solids were dragged through the entire system.
The bed expansion was demonstrated here using the average volume fraction of the solid phase made along a line in the axis of the simulation as described in methods (Figure 2 ). This value increased along the flow time and did not show any tendency for stabilization until the bed reached the entire system length. Bed expansion reached the top of the system after around 16.5 s for the geometry with annular distributor and 14.0 s without it.
Conditions applied in simulations were evaluated with diagrams for fluidization regimes in risers [15] . The diagrams indicated that the fluidization regime in both C cases should be turbulent, close to the fast fluidization, which was in accordance with the findings of simulations. In other words, there were a denser region in the bottom, a lower concentration region in the rest of the system and ejection of particles. Moreover, the bed expansion agreed with the experimental results of Yao et al. [7] , since the experimental system operates with solids recirculation.
This behavior is expected due to the most common industrial operation that applies fast or turbulent flow regime, as presented in the introduction. The industrial catalyst cooler unity operates continually. Solids are fed, flow through the system and are collected in cyclone separators to re-enter the riser. The next step for CFD simulations is to build a UDF (User Defined Function) as an approach to calculate the solid mass flow rate in the outlet and feed the amount necessary to maintain the solids loading during simulations. This implementation would make possible to reach information about the steady conditions in equipment operation.
For now, results during the start-up process were presented and discussed as a preliminary approach to evaluate the system mixture and gas-solid flow structure. Future simulations will use this start-up simulation coupled with reentering material to go deeper in the gas-solid flow behavior during the quasi-steady state (time-average invariant operation).
The solid volume fraction field along time for the gassolid flow in a catalyst cooler with annular distributor visually shows the bed expansion (Figure 3 ). The gas phase has been deviated to the center of the system, since the beginning, while the solid phase was concentrated near the walls. The behavior was explained due to the presence of the annular distributor, which facilitated the air channeling. The air channeling in the bottom of the system is clearly observed in Figure 4 .
Solids were also concentrated in the region under the annular distributor (Figure 4 ). This is an indication that the region under the ring can led to undesirable nonuniformity, avoiding the mixture process. The impact of this region may not be much relevant once a quasi-steady state is reached, since the solid fraction phase seems to decrease in this region along time flow and the solids feeding is done above the distributor in experimental and industrial apparatus. However, the gas channeling to the center of the system is undesirable even after a long time of process.
Solid volume fraction phase fields for the geometry without annular distributor is presented in Figure 5 and shows a different multiphase flow structure in the beginning of the fluidization. In the case without distributor, a pack of solids was launched as a cluster (3.4 and 9.8 s, Figure 5 ). This indicates more heterogeneity in the axis of the system during gas-solid flow. Moreover, solids were concentrated in the center of the system, while gas channeling happened to the walls.
The comparison between both flow structures in startup process indicates that the presence of the ring is determinant in the gas-solid flow behavior. The gas was deviated to the wall when there was no annular distributor because the entering air flow found a mass of static solids (bed). This dynamic process can be seen in Figure 5 when looking to the bottom of the simulated domain for the geometry without annular distributor. Naturally, the accumulation of solids does not happen in the same region that was observed when using the distributor (accumulation catalyst indicator), since there is no ring there.
As a consequence, solids remained more concentrated at the center of the computational domain ( Figure 5 ). However, the development of the solid-gas flow led to more uniformity and the structures were dissipated. After 14s, the solid volume fraction is fairly uniform in the bottom of the simulated equipment.
The velocity field (magnitude) indicates that the gas was really channeling to the center of the tube when using an annular distributor ( Figure 6 ). This behavior was observed from the beginning until the end of the simulation.
The dynamic in the computational system without the annular distributor showed a different behavior in the beginning (Figure 7) as discussed before. The velocity field (magnitude) confirmed that gas was deviated from the center to the walls, but the development of the gas-solid flow led to higher velocities in the center of the catalyst cooler. The behavior after development was expected, since the system got diluted along time.
Future simulations with solids reentering the system will be able to analyze the role of the ring in more details. Simulations could be able to indicate a better distance from the bottom of the equipment to include the distributor. It is important to emphasize that Yao et al. [7] did not report the position of the annular distributor and the height of the recirculation entrance. Unfortunately, there is not experimental data for the equipment operating during the start-up. As a consequence, it was not possible to verify the results with experiments. However, the reported result is an important step toward the complete simulation for this system. Different meshes were tested for each proposed geometry with the criteria used to evaluate the solid-gas flow in Figures 1-7 . It is possible to observe that the behavior predicted in the previous figures is repeated for each of the meshes tested, indicating that there is an independent in the aspects of the flow analyzed in the work. The static pressure drop across the bed was calculated for both geometries. Figure 9 shows the pressure drop as a function of the flow time for each analyzed geometry. The pressure drop is next at all instants of time and reaches the largest deviation around 10 seconds of flow. In this case, a deviation around 10% was obtained between the pressure drops, which is acceptable for analyzes performed in this study, especially given the proximity of the behavior of the fields that was highlighted in Figure 8 for the case without distributor. A B
Conclusion
CFD simulations were done to evaluate the beginning of the fluidization process in two different geometries of catalyst coolers (with and without annular distributor).
The simulated fluidization behavior showed the characteristics that were expected, which include a denser region in the bottom and ejection of particles. As a consequence, simulations presented will be useful as an initial condition followed by feeding the amount of solids necessary to maintain the load during simulations in the future. Moreover, many issues came from the results and they will be deeper analyzed for these future simulations. The results are important due to the lack of information about catalyst coolers and the possible improvement in FCC unities.
The analysis of the mixture process during the start-up for both geometries indicated that the presence of the annular distributor should improve the gas-solid mixture along the axis of the system. However, the fluid dynamic behavior showed that the region under the ring may lead to bad mixing. The particles are fed above the ring in experimental apparatus. As a consequence, it is expected that such bad mixture region will not have important effects in the overall performance of the cooler during an operation with reentering material. However, the issue should be better investigated.
The comparison between the results for both geometries showed that there is a tendency for the annular distributor to channel gas fed on the bottom of the domain to the center of the system. This channeling process will be undesirable, even during the continuous operation with reentering material, and should be avoided.
After all, CFD simulations showed that the presence of the annular distributor should be determinant in the gassolid flow behavior in the system. However, details about the position of such apparatus are missing in experimental works and more attention should be given for its presence and configuration.
Future simulations with reentering material will be used to analyze the influence of the annular distributor in the system in quasi-steady state. They will determine the real impact of the bad mixture region under the ring. Moreover, the simulations may indicate the better position and diameter for the annular distributor inside the system. Then, channeling and bad mixture could be avoided. 
